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Abstract

Avrteries adapt to their mechanical environment by undergoing remodeling of the structural
scaffold via the action of matrix metalloproteinases (MMPs). Cell culture studies have shown
that stretching vascular smooth muscle cells (VSMCs) positively correlates to the production

of MMP-2 and -9. In tissue level studies, the expression and activation of MMP-2 and -9 are
generally higher in the outer media. However, homogeneous mechanical models of arteries predict
lower stress and strain in the outer media, which appears inconsistent with experimental findings.
The effects of heterogeneity may be important to our understanding of VSMC function, since
arteries exhibit structural heterogeneity across the wall. We hypothesized that local stresses,
computed using a heterogeneous mechanical model of arteries, positively correlate to the

levels of MMP-2 and -9 /n situ. We developed a model of the arterial wall accounting for
nonlinearity, residual strain, anisotropy, and structural heterogeneity. The distributions of elastin
and collagen fibers /n situ, measured in the media of porcine carotid arteries, showed significant
non-uniformities. Anisotropy was represented by the direction of collagen fibers measured by the
helical angle of VSMC nuclei. The points at which the collagen fibers became load bearing were
computed assuming a uniform fiber strain and orientation under physiological loading conditions;
an assumption motivated by morphological measurements. The distributions of circumferential
stresses, computed using both heterogeneous and homogeneous models, were correlated to the
distributions of expression and activation of MMP-2 and -9 in porcine common carotid arteries
incubated in an ex vivo perfusion organ culture system under physiological conditions for

48 hours. While strains computed using incompressibility were identical in both models, the
heterogeneous model, unlike the homogeneous model, predicted higher circumferential stresses
in the outer layer correlated to the expressions and activations of MMP-2 and -9. This implies
that localized remodeling occurs in the areas of high stress and agrees with results from cell
culture studies. The results support the role of mechanical stress in vascular remodeling and the
importance of structural heterogeneity in understanding mechanobiological responses.
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Introduction

The mechanosensitive functions of VSMCs are responsible for vascular remodeling. Hence,
knowledge of the mechanical environment of VSMCs is essential in understanding the
adaptive and maladaptive changes in the structure and function of arteries. The effect of
mechanical environment on cell functions has been studied at both the tissue and cell levels.
Tissue level studies provide information regarding the distribution of biological responses
of cells in their natural environment. Cell culture studies allow better control of mechanical
stimuli applied to cells in an artificial environment. Since mechanical stress cannot be
measured, mechanical models are needed to help interpret results from tissue level studies
using relationships established in cell culture studies.

Most widely used mechanical models of arteries are either phenomenological or structural
models. Pseudoelastic models, originally proposed by Fung [1], consider arterial tissue

to be hyperelastic and use strain energy functions (SEFs) to describe the mechanical
properties of arteries [2, 3]. Phenomenological models (e.g., [4]) can provide insight into
mechanical properties of arteries but cannot identify the cause of observable changes

in them. Because changes in mechanical properties caused by aging or progression of
vascular diseases can include changes in the amount, spatial distribution or properties of

the basic structural constituents, efforts in mechanical modeling of arteries have focused

on structure-based approaches. Three types of structural models have been proposed:
multi-layer models, composite models, and constrained mixture models. Multi-layer models
account for differences in the material properties of the medial and adventitial layers by
using either different SEFs [5] or material constants [6, 7] for each layer. Composite models
account for the distinctive material properties of structural components. In these models,
the SEF of arterial tissue is expressed as the sum of the SEFs of structural components [8,
9]. In addition to the features of composite models, constrained mixture models include the
fractions of elastin and collagen fibers. They also include the gradual recruitment to load
bearing of initially wavy collagen fibers using a function for collagen recruitment [10, 11].
Thus, these models accounted for the different reference lengths for strains in the structural
components.

Most of the published mechanical models of arteries assumed homogeneous mechanical
properties across the media. Assuming homogeneity, a single function for collagen
recruitment and area fractions of structural components measured at the tissue level were
used in mechanical models. Excluding the effects of residual strains in the unloaded

state, these models predict a non-uniform distribution of circumferential stresses with

the maximum at the intimal surface [12-14]. Including the effects of residual strains
significantly reduces the circumferential stress gradient [15-18]. However, the distribution of
circumferential stresses is generally still not uniform with higher circumferential stress at the
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inner surface, since residual strain is often not sufficient to yield uniform stress distributions
[19].

Avrteries exhibit heterogeneity in their structure and material properties across the wall
thickness. Vito et al. [20] measured the distribution of strains in cross sections of canine
thoracic aorta and showed an increased stiffness near the outer wall. Also, residual

stresses depend on tissue components at the microscopic level [21, 22]. The mechanical
heterogeneity of the arterial wall is presumably due to the structural heterogeneity. The
distributions of elastin and collagen fibers, the major components of the extracellular

matrix (ECM), are known to be non-uniform through the arterial wall. In many types of
arteries, the area fraction of collagen fibers increases while that of elastin decreases from the
intima to the adventitia [23, 24]. In addition, the diameter of collagen fibrils progressively
increases from the intima to the adventitia [25]. Using a simple phenomenological model for
vascular growth, Taber and Humphrey [26] suggested heterogeneous material properties of
bovine carotid arteries with stiffer outer layers. They also suggested that growth in arteries
correlates better with stress than with strain. Thus, the structural heterogeneity of arteries is
expected to influence the distributions of VSMC responses /7 situ.

The expression and activation of MMP-2 and MMP-9, also known as gelatinase A and B,
are known to be mechanosensitive. MMP-2 and -9 are able to degrade similar substrates
[27], including elastin and gelatin, and involved in VSMC migration and the formation

of intimal hyperplasia [28]. MMP-9, but not MMP-2, is involved with VSMC-mediated
assembly of fibrillar collagen [28] and gel contraction [29]. Results from cell culture studies
showed that the production of MMP-2 and -9 by VSMCs increased in response to static
[30] or cyclic stretching [31]. £x vivo, tissue level studies showed that the expression and
activation of MMP-2 and -9 were higher in the outer media of arteries [32] and veins [33].
Similar distributions of MMP-2 and -9 were also observed in porcine coronary arteries /n
vivo [34]. Combining these results suggests that VSMCs in the outer media are expected
to experience higher mechanical stress and/or strain. However, interpreting these results in
terms of the stress and strain distributions across the arterial wall is problematic using a
homogeneous mechanical model, which generally predicts higher stress and strain at the
inner surface.

Since strain in the arterial wall is constrained by the tubular geometry of arteries and
incompressibility, we hypothesized that local stresses influence VSMC function and
positively correlate to the levels of expression and activation of MMP-2 and -9 in situ.
We developed a heterogeneous model of arteries and correlated circumferential stress to
the expression and activation of MMP-2 and -9 in porcine carotid arteries conditioned to
physiologic loading in an ex vivo organ culture system.

Materials and Methods

Organ Culture Experiment

Fresh porcine common carotid arteries were harvested from six to seven-month-old pigs
at a local abattoir. Immediately after excision, arteries were washed with ice-cold PBS
(Dulbecco’s phosphate buffered saline, Sigma, St. Louis, MO) supplemented with 1%
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antibiotic-antimycotic solution (Sigma) in the lumen and were transported to the laboratory
in PBS at 4°C. After testing the arteries for leaks, segments of 50 to 70 mm were prepared
from locations between 10 mm and 100 mm upstream of the carotid bifurcation.

The arteries were cultured 48 hours in the ex vivo perfusion organ culture system described
previously [35] and modified to include bi-axial control of the mechanical environment
[36]. Briefly, the arteries were mounted in physiological orientation between two cannulae
in the organ culture chamber for perfusion in their /n vivo flow direction. Then, the

flow loop was filled with preheated (37°C) perfusion medium. The chamber was filled
with bath medium and sealed to maintain sterility. Both the perfusion and bath medium
were composed of Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented
with sodium bicarbonate (3.7 g/L, Sigma), L-glutamine (2 mmol/L, Sigma), antibiotic-
antimycotic solution (10 ml/L, Sigma), and calf serum (10% by volume, HyClone, Logan,
UT). Dextran (6.3% by weight, average molecular weight 170,000; Sigma) was added to
the perfusion media to acquire a fluid viscosity of blood (4x1073 Pa-s). The viscosity was
measured with a Cannon-Fenske viscometer (Cannon Instrument Co., State College, PA).
The system was placed in an incubator in a 5% CO, + 95% air mixture maintained at 37°C.

To mimic the physiological loading condition, arteries were stretched to /n vivo length (axial
stretch ratio, A = 1.5) and perfused with a pulsatile flow at a transmural pressure of 100

+ 20 mmHg. Initially, the arteries were unstretched and subjected to a minimal flow to
prevent possible damage to the tissue by abrupt changes in the mechanical environment. The
stretch ratio of the arteries, the flow rate of the perfusion medium and mean luminal pressure
were gradually increased to /7 vivo levels over three hours. The flow rate was controlled to
maintain a mean shear stress (z) of 1.5 Pa based on the Poiseulle relationship,

_ 32pu0

T= £ 1
zD? ®

where Dis the lumen diameter of the vessel, xis the viscosity of the medium, and

Qs the flow rate [37]. The conditions corresponding to the physiological mechanical
environment, once achieved, were maintained for 48 hours. Since arteries were subjected

to short-term responses, vasomotor response of arteries was not measured in this study.
Vascular contractile responses were previously validated in 7-day culture experiments using
the same system [35, 36].

At the end of the organ culture, the contractile response of VSMCs was disabled by

adding 10~ mol/L of sodium nitroprusside (Sigma) into the flow loop 30 minutes before
the flow was stopped. This served to prevent a reflex response during tissue processing.
After removal, each artery was divided into three segments. Two short segments (~5 mm)
were embedded in Tissue-Tek® optimum cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA) and frozen in liquid nitrogen for immunohistochemistry and /n situ
zymography. The remaining segment was reattached to cannulae and fixed in 10% formalin
at pressure and /n vivo length to preserve the microstructure at the mean incubating pressure
(100 mmHg).
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Histological Measures

The histology of arterial tissue provides information on how VSMCs respond to mechanical
stimuli as well as the structure of arteries. Using microscopic images of cross sections and
assuming axisymmetric microstructure and biological responses, the intramural distributions
of structural components and of MMP-2 and -9 expression and activation were quantified
semi-automatically using MATLAB®. First, the intima and the outer boundary of the
external elastic lamina (EEL) were traced manually. The microscopic images of arterial
cross sections were then mapped to an idealized circular ring prior to quantification. Average
inner and outer diameters of the arteries at physiologic loading (100 mmHg, A = 1.5)

and no load (0 mmHg, A = 1.0) from pressure-diameter relations (n = 9) [38] were used

as the dimensions of idealized circular rings representing the physiologic and no load
configurations, respectively. The cross section of a segment fixed at 100 mmHg and /n vivo
stretch was mapped to a circular ring representing the physiologic configuration. The cross
section of a segment fixed at no load was mapped to a circular ring representing the no

load configuration, which was then transformed to the physiologic configuration assuming
incompressibility. The circular ring was divided into 51 layers of constant thickness (~ 11
um) representing approximately half of the width of a VSMC [39].

Elastin—Elastin was visualized using its autofluorescence [40]. Elastin exhibits more
intense autofluorescence than other ECM proteins when visualized at fluorophore excitation/
emission maxima of 480/535 nm [41]. Images were taken directly from 7 um paraffin
sections using an FITC filter cube and a x10 objective lens on a Nikon fluorescent
microscope. The spatial resolution of the image was 0.46 um/pixel (~ 1 million pixels per
layer).

The area fraction of elastin in each layer was assumed, using the rationale provided

by Baraga et al. [42], to be linearly proportional to the mean intensity of elastin
autofluorescence, measured by 8-bit gray level, in that layer. The average intensity of pixels
inthe M layer (/,; i=1, 2,... 51), where 15t layer is the inner-most layer and 515t layer is the
outer-most layer, was measured automatically.

Collagen fibers—Collagen fibers are birefringent and were visualized using polarized
microscopy and staining to enhance the birefringence. Picrosirius red staining is known to
be specific to collagen [43] and increases birefringence in a concentration and staining
time-dependent manner [44]. After the elastin images were taken, the sections were
deparaffinized and stained for 75 minutes with 0.1% Sirius red F3B (Direct Red 80, Sigma-
Aldrich) in saturated picric acid (Sigma) solution. Then the sections were washed in 0.5%
acetic acid in dH,0 for 5 minutes. After the sections were dehydrated in ascending grade
alcohols followed by xylene, a drop of Permount® (Fisher Scientific, Pittsburgh, PA) was
applied to the tissue section prior to placing the cover glass. The images were taken with a
x10 objective lens and two linear polarizers. A partial image of collagen fibers was taken
with the slide located between two polarizers with their polarization directions crossed. A
second image was taken with the crossed polarizers rotated 45° with respect to the setting
used for the first image. The two images were superimposed to generate a complete image of
collagen fibers.

J Biomech Eng. Author manuscript; available in PMC 2021 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 6

The area fraction of collagen fibers in each layer was assumed to be linearly proportional
to the mean intensity of collagen birefringence, measured by 8-bit gray level, in that layer.
The level of collagen birefringence depends on various factors including the thickness
[44-46], the orientation [47, 48], the maturity [48, 49], and the type of collagen fibers
[50]. These factors affect the collagen birefringence but the net result is that more intense
birefringence represents higher mechanical strength and stiffness. However, it is a difficult
task to formulate an explicit mathematical relationship between collagen birefringence and
the area fraction of collagen fibers due to the lack of a comprehensive understanding of its
relationship to some of these factors. As a first approximation, the average pixel intensity
in the AN layer (/4 /=1, 2,... 51) was assumed to be proportional to the area fraction of
collagen fibers in the A" layer.

Immunohistochemistry—Immunostaining for MMP-2 or MMP-9 was performed on

7 um frozen sections to quantify the distributions of the expressions of MMP-2 and -9.
Sections were thawed for 10-30 minutes immediately before use at room temperature. The
sections were first fixed in acetone for 5 minutes. After preincubation with 0.3% hydrogen
peroxide in methanol to block endogenous peroxidase activity, tissue sections were blocked
with 10% normal horse serum (Vector Laboratories, Burlingame, CA) in PBS (Sigma) for
20 minutes at room temperature. Specimens were then incubated for 60 minutes at room
temperature in a humid chamber with primary antibodies for MMP-2 or MMP-9 (EMD
Biosciences, San Diego, CA) diluted to 5 mg/L in PBS. After being washed in PBS, sections
were incubated for 30 minutes in a humid chamber with biotinylated secondary antibodies
in PBS plus 2% horse serum, followed by incubation for 1 hour with VECTASTATIN®
Elite® ABC Kit reagent (Vector Laboratories). Gray-Black stain was developed using DAB
substrate kit (\ector Laboratories). Because the slides were used for the quantification of
gelatinase expression, nuclei were not counterstained.

Images of immunostained sections were taken using a conventional brightfield microscope.
To quantify the area fraction of expression of MMP-2 or -9, a threshold mask was defined
by sampling pixel intensities in the visually identified positive stains [51]. The threshold was
applied to each image and the area fraction of MMP-2 or -9 positive pixels in each layer was
computed.

In situ zymography—The activation of MMP-2 and -9 was detected using /n situ
zymography as described previously [52]. Briefly, fluorescent substrate (gelatin from pig
skin conjugated to Oregon Green® 488 dye, Molecular Probes, Eugene, OR) in PBS (1

g/L) was mixed (1:1 by volume) with 1% low gelling temperature agarose (Sigma-Aldrich)
melted in reaction buffer (50 mmol/L Tris-HCI, pH 7.4, containing 10 mmol/L CaCl,, and
0.05% Brij 35) at 50°C. The substrate solution (10 pl) was spread on pre-warmed glass
slides and allowed to gel at room temperature. Frozen sections (7 pm) of specimens were
mounted on top of the substrate film and incubated in a humid and dark chamber at 37°C up
to 4 days.

Images of /n situ zymography were taken using a fluorescent microscope with a FITC
filter cube. The distribution of substrate lysis, shown as dark areas, represents the activities
of MMP-2 and -9. A threshold for each image was determined independently to detect
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localized gelatinolytic activities. Then, each image was converted to a binary image using
the threshold. The area fraction of gelatinolytic activity in each layer was computed and
recorded.

Mechanical Model

A heterogeneous model of an artery was developed accounting for elastin and collagen
fibers which together are responsible for the mechanical response of arteries [53, 54].

For comparison purpose, a homogeneous model of an artery was also formulated. In both
models, an artery was considered as a thick-walled circular tube, which is a constrained
mixture of two nonlinear elastic incompressible materials, elastin and collagen fibers. The
zero stress configuration of arterial tissue was taken as the opened-up configuration after a
radial cut of an unloaded ring.

For the heterogeneous model, we introduced two novel approaches to account for

the structural heterogeneity of the arterial media. First, we included the non-uniform
distributions of elastin and collagen fibers across the arterial wall. Second, the reference
configuration for the strain of collagen fibers, a ‘recruiting point’, was assumed to vary
across the arterial wall.

Using the notation given in Fig. 1, the deformation from the zero stress (Fig. 1a) to the
loaded configuration (Fig. 1b) is described by the relations,

' @
=T

where 4, y, and A are deformation parameters, @ is the opening angle, and /and L are
lengths of an arterial segment at the zero stress state and at the loaded state, respectively. An
arbitrary point (R, ©, 2) in the zero stress configuration is mapped to a point (, 6, 2) in the
loaded configuration. Following the theory of finite deformations, stretch ratios in the radial,
circumferential, and axial directions are, respectively,

dr
4= 4R
_Ix ®3)
Ag = R
Ap= A

The material was assumed to be incompressible (1,11, = 1), hence

drry

Integrating Eq. (4) yields
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Elastin provides structural support at all strains. Thus, the principal components of Green
strain experienced by elastin are

- 1), where j=r,0,z. (6)

EJ':%(J

Based on the histological observations, the structure of collagen fibers was modeled as left-
and right-handed helices aligned at an angle of helical deviation (6)) with respect to the
circumferential direction (Fig. 2a). The stretch ratio of arterial tissue in the direction of
fibers (1p) is

An= \/ﬂg cos? Ono + /1% sin2 Ono » 0

where By is a helical deviation at the zero stress configuration (Fig. 2b). Initially undulated
collagen fibers become straightened once a strain along a helix reaches a recruiting point
(Fig. 2b), which was assumed to vary through the thickness in the heterogeneous model.
Once straightened, collagen fibers become load-bearing and the stretch ratio (1) and Green
strain of collagen fibers (£,) are

Ae = —h, for A, > Agp,and (8)
ARP
Lo
E, = E(ﬁc - 1). o)

Since collagen fibers are not straightened at zero stress, we enforced Azp> 1 through the
arterial wall.

Assuming variation of the recruiting point across the wall thickness, an additional
assumption was introduced. It is hypothesized that the collagen fibers experience identical
strain and orientation at physiological pressure (100 mmHg) and axial stretch (1 = 1.5); an
assumption motivated by histological and structural considerations. It is expected that strains
in VSMCs are closely associated with strains in collagen fibers. Therefore, the introduced
assumption implies that VSMCs are at uniform strain under physiological loading, which is
in agreement with the experimental observations [55]. This assumption was also validated
by morphological measurements of VSMC nuclei. The helical deviation and length of
VSMC nuclei were observed to be uniform through the arterial wall under physiologic
loading [56]. VSMC nuclei are co-aligned with collagen fibers in the arterial media [57, 58].

Elastin was assumed to be a neo-Hookean material [9], for which the SEF is
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C
W,= 76(11 -3), where I} = /1,2 + /13 + /l%, (10)

Cp IS a material constant and /; is the first invariant of the Green strain tensor.

Undulated collagen fibers are not load-bearing and hence are assumed to store no strain
energy. Once straightened, collagen fibers gradually stiffen the arterial wall and were
modeled by an exponential SEF:

0 for Ap < Arp
W.=1c s (11)
¢ cLz(exp(cczEg) - 1) for Ay > Arp
C.
where ¢4 and ¢ are material constants. Note that if ¢ is much smaller than 1,
exp(cEz) = 1 ~ e e (12)

and W, becomes a quadratic function of Green strain with coefficient ¢q.

Considering the arterial tissue as a constrained mixture, the SEF of the intact arterial tissue
is the sum of the SEFs of elastin and collagen fibers weighted by area fractions of each
component:

W=fWet+ fWe, 13)

where f,and 7 are the area fractions of elastin and collagen fibers, respectively. With the
axisymmetric assumption, the area fractions of elastin and collagen fibers vary only in the
radial direction.

Implementation of Mechanical Model
The average pixel intensities of elastin and collagen fibers in each concentric layer were

assumed to be proportional to the area fractions of elastin and collagen fibers. The
proportionality is maintained at local and tissue levels, hence

B_t "
I I

where subscript kis e for elastin or ¢ for collagen fibers, 7;is the area fraction of each
component in the A" layer, F is the area fraction of each component in the arterial wall, I is

the average pixel intensity of each component in the arterial wall. Now, the area fraction of
each component in the A" layer is given as

S ;A
Jii = Filig, where Ij; = ==, (15)
k
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I}; is the normalized average pixel intensity of each component in the M layer, and the
area-weighted average of I;; yields one. Thus, the area fraction of each component in the

M layer is decoupled into the tissue-level area fraction and normalized distribution of each
component.

The tissue-level area fractions are constants and coupled with material constants in the
constitutive equation. Hence, we defined area fraction weighted material constants:

¢, = Foc,, andc, = Feceq, (16)

where ¢, and ¢, are the area fraction-weighted material constants for elastin and collagen

fibers, respectively.

Using the area fraction-weighted material constants, the modified SEFs of elastin and
collagen fibers are

C,

W, = 79(1l —3),and an
0 for Ap < Agrp
=1{c) ,respectively . (18)
‘ c%(exp@czE%) —1) for iy > App
C.
Hence, the SEF of the intact arterial tissue becomes
W =IW,+ I.W_, (19)

where I, and 1; are the normalized average pixel intensities of elastin and collagen fibers,
respectively, and vary only in the radial direction.

The average of previously reported pressure-diameter relations (n = 9) measured using
healthy porcine carotid arteries stretched to /n vivo length (A = 1.5) at ten pressure points
[38] was used to determine strain distributions assuming incompressibility. The average
opening angle of 41.87° (n = 13) using fresh arteries and average helical deviation of 8.43°
measured from VSMC nuclei (n = 1010) in two arteries fixed at 100 mmHg and /n vivo
stretch were also used to determine strains of each component [56].

Taking the pressure at the outer surface measured as a gauge pressure to be zero, force
equilibrium at each of ten pressure-diameter points gives

To
Py = / (Iéc;,(/lé — 22+ I exp(%(/lg - 1)2)(,12 — 1)A2 cos? eh)% te (0

i
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where Pgis the luminal pressure measured experimentally, and eis the error associated with
regression analysis defined as the difference between P-and computed pressure using the
model (P7).

Equation (20) forms a mathematical model for multivariate nonlinear regression with ten
data points. Using both numerical and analytical methods, four unknown parameters, three
material constants and uniform stretch ratio of collagen fibers at 100 mmHg and A = 1.5,
were determined by minimizing the error function (Q) defined as

10 ’
Q=) (PE-Pp, (21)

m=1
where mindicates each experimental data point.

For comparison purpose, a homogeneous model was also formulated and analyzed. In the
homogeneous model, the distributions of elastin and collagen fibers were assumed to be
uniform across the arterial wall:

I;,=1landI.=1. (22)

Since a recruiting point is constant in the homogeneous model, four unknown parameters are
three material constants and the constant stretch ratio in the direction of the collagen fibers
at a recruiting point (1zp). These parameters were also determined by minimizing Eq. (21).

Statistical Analysis

Results

The hypothesis that local stresses positively correlate to the levels of MMP-2 and

-9 expression and activation was tested by calculating the Spearman rank correlation
coefficients (r5) between the computed circumferential stress using the heterogeneous or
homogeneous model and MMP-2 positive stained area fraction, MMP-9 positive stained area
fraction, or substrate (gelatin) lysis area fraction for each specimen. Groups of correlation
coefficients (n = 5 for each) were tested for zero mean using the single-sample Student’s t-
test. Because the correlation coefficients are not normally distributed, they were transformed
with the Fisher transformation and considered as samples from normal distribution with
unknown mean and variance. A p-value of 0.05 was considered as statistically significant in
all cases.

The Distribution of ECM Components

Images of elastin showed the internal elastic lamina (IEL) with strong autofluorescence
along with thin elastin lamellae between VSMC layers (Fig. 3a). The EEL was thick
and composed of rather discontinuous elastin fragments. Elastin was not observed in the
adventitia. Although elastin lamellae were discretely distributed through the media, they
were continuously branching and merging through the circumference of arterial cross
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section. The average pixel intensity of elastin autofluorescence in each layer was mostly
uniform in the media and high in the IEL and the EEL (Fig. 3b).

The birefringence of collagen fibers was strongest in the adventitia mainly due to its high
content of structural collagen type I fibers, which were mostly observed as thick and long
fiber bundles (Fig. 4a). Although the birefringence of collagen fibers was high in the EEL,
they were discontinuous and fragmented unlike in the adventitia. The average pixel intensity
of collagen birefringence in each layer was greatest near the EEL with a small peak in the
IEL (Fig. 4b). The collagen birefringence was relatively uniform in the inner media and
gradually increased toward the EEL.

The Distribution of Circumferential Stress

The highest circumferential stress computed using the heterogeneous model was at the
outer boundary (Fig. 5a). The gradient of circumferential stress was the highest near the
intima. The circumferential stress decreased sharply at the boundary between the IEL and
the media, and gradually increased toward the outer layer. The circumferential stress was
low and generally uniform in the inner media.

The circumferential stress computed using the homogeneous model was the highest at the
intimal layer and gradually decreased toward the outer layer (Fig. 5b). The intramural
distribution of circumferential stress computed using the heterogeneous model showed
the opposite trend and was more uniform compared to the one computed using the
homogeneous model.

The Distributions of Expression and Activation of MMP-2 and -9

The expressions of MMP-2 and -9 were mostly localized near the IEL, the outer media, and
the EEL (Fig. 6 and 7, respectively). The activities of MMP-2 and -9 were mostly localized
in the outer media and the EEL (Fig. 8). The expression and activation of MMP-2 and -9
significantly increased toward the outer layer (p < 0.01).

Correlation between Circumferential Stress and MMP-2 and -9

Table 1 shows the Spearman rank correlation coefficients between the computed
circumferential stress and the expression and activation of MMP-2 and -9 for individual
specimens. The circumferential stress computed using the heterogeneous model positively
correlated to the expression of MMP-2 (mean 75= 0.72; p= 0.01; n = 5), the expression of
MMP-9 (mean r;=0.70; p< 0.01; n = 5), and the activation of MMP-2 and -9 (mean 7=
0.80; p<0.01; n = 5). However, the circumferential stress computed using the homogeneous
model negatively correlated to the expression of MMP-2 (mean r;=-0.79; p< 0.01; n

= b), the expression of MMP-9 (mean 7;=-0.56; p=0.01; n = 5), and the activation

of MMP-2 and -9 (mean ;= -0.86; p< 0.01; n = 5). Circumferential strain computed
using incompressibility with respect to the zero stress configuration yielded same negative
correlation as the circumferential stress in the homogeneous model.

Circumferential stresses computed using both the heterogeneous and the homogeneous
models significantly correlated to the expression and activation of MMP-2 and -9. However,

J Biomech Eng. Author manuscript; available in PMC 2021 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 13
the heterogeneous model predicted that higher circumferential stress in the ECM scaffold
correlates to higher expression and activation of MMP-2 and -9, while the homogeneous
model predicted the opposite relationship, which is inconsistent with the positive correlation
between MMP-2 and -9 and mechanical stretch established in cell culture studies.

Discussion

We recorded significant variations in the amounts of elastic fibers through the thickness

in porcine common carotid arteries. The area fraction of elastin was highest at the IEL
and was generally uniform through most of the media with a moderate increase in the
EEL. The area fraction of collagen fibers gradually increased toward the outer boundary of
the media. The observed distributions of area fractions of elastin and collagen fibers were
quantitatively in agreement with the results from previous studies [23-25]. The observed
distributions of ECM components suggest that the outer layer of the media may provide
more mechanical strength than the inner layer. The IEL showed a small peak in the area
fraction of collagen fibers suggesting its role in providing mechanical strength at the inner
boundary of the media. The higher content of matrix proteins at both sides of the media
suggests the importance of passive mechanical support in these regions.

The heterogeneity of ECM components likely contributes to localized cell activities in
response to the mechanical stimuli. The distributions of elastin and collagen fibers may
influence the variation in coupling between matrix proteins and cells through the arterial
wall and affect the mechanical environment sensed by VSMCs. Many studies support
specific roles of individual ECM proteins in transmitting mechanical signals to anchored
cells. Wilson et al. [59] suggested that specific matrix-cell interactions may be involved

in mechanotransduction, which may differ from those involved in adhesion. Koyama et al.
[60] showed that the structure of cytoskeleton and the formation of focal adhesions depend
on the type of ECM proteins to which cells are anchored to. Many studies suggest that
ECM-cytoskeleton interactions are involved in mechanotransduction, which appears to be
mediated by transmembrane ECM receptors such as integrin [59, 61].

In this study, the distributions of elastin and collagen fibers through the arterial wall were
measured using their optical properties. Such optical measures are influenced by many
factors such as conditions for staining and imaging. The opacity of the embedding medium
and photo bleaching of the sections can cause variations in the overall intensity of elastin
images. Conditions for staining to enhance collagen birefringence can cause variations in the
overall intensity of collagen images. Thus, the optical measurements are semi-quantitative.
Assuming that the average intensity of pixels is linearly proportional to the concentration of
matrix protein in the area of interest, means that the normalized distributions of elastin and
collagen fibers are maintained regardless of their estimated concentrations.

The expression and activation of MMP-2 and -9 were generally higher in the outer media.
The current results qualitatively agree with previous observations, which reported higher
expression and activation of MMP-2 and -9 in the outer media of arteries ex vivo [32]

or /n vivo [34]. Previous cell culture studies showed that mechanical stretch positively
correlates to the production of MMP-2 and -9 by VSMCs [30, 31]. Thus, the localization of
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MMP-2 and -9 could be associated with the mechanical role of the outer media in response
to the alteration in blood pressure. Arteries used in this study were collected from six to
seven-month-old pigs, suggesting that we detected the expression and activation of MMP-2
and -9 in physiologic conditions.

MMP-2 and -9 are also expressed and activated by other types of cells, especially
macrophages and fibroblasts in the media and adventitia. Once released, MMP-9 can
diffuse into the interstitial space due to its low tissue retention [33], which may affect the
distribution of the expression and activation of MMP-9 shown in this study. However, the
EEL forms a barrier, which is expected to block free diffusion of such molecules between
the media and the adventitia. Since the distributions of MMP-2 and -9 were quantified in
the range between the IEL and the EEL, the contributions of fibroblasts in the adventitia
and the diffusion of MMP-9 on our results were considered minimal. Also, the effects of
inflammatory cells on the expression and activation of MMP-2 and MMP-9 were considered
small, since they were harvested from young healthy pigs and no additional recruitment of
inflammatory cells is expected in an ex vivo organ culture system. Major limitations of ex
vivo organ culture experiments are the lack of interactions between arteries and surrounding
tissue, including blood, and thus the inability to induce inflammatory responses seen in /in
vivo experiments [62].

We developed a heterogeneous model of the arterial wall taking into account the natural
fiber distributions. This model is a novel extension of the constrained-mixture models and
represents the heterogeneous structure of the arterial media. Introduction of microstructural
information into mechanical modeling is needed to improve the utility of such models

for the study of cellular behaviors. As a first step, we investigated potential effects of

the heterogeneity of ECM components on the transmural distributions of stresses and its
implications for the physiological response of VSMCs.

The transmural distributions of circumferential stresses were computed using the
heterogeneous and homogeneous models. The stress computed using the heterogeneous
model generally increased toward the outer layer and was high in the IEL and the EEL.
This was significantly different from the homogeneous model where the stress peaked at
the intima and decreased toward the outer layer. The result of the heterogeneous model
suggests that both boundaries of the media, especially the outer media, may provide more
mechanical support against pressure loading. The distribution of stress computed using the
heterogeneous model was closer to a uniform distribution when compared to the stress
distribution computed using the homogeneous model. Such a distribution is mainly due to
the distribution of collagen fibers and the assumption introduced about collagen recruiting.
This implies that the residual stress is not sufficient to make a uniform stress distribution.

Limitations of the model stem from the assumptions used. For instance, the reference
configurations of collagen fibers were computed assuming a uniform strain distribution
under physiologic conditions. Although it is a reasonable hypothesis based on the
histological observations of VSMC morphology, the information on the reference
configurations of collagen fibers is not readily available for verification. Also, more
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experimental data are needed to better represent material properties of structural
components.

Using the heterogeneous model, circumferential stress positively correlates to the levels of
MMP-2 and -9 expression and activation by VSMCs /n situ. However, the hypothesis of
this study is not acceptable using the homogeneous model. Circumferential strain computed
assuming incompressibility with respect to the zero stress configuration also negatively
correlated to the levels of MMP-2 and -9. This suggests that the reference state for strains of
VSMC:s is different from the zero stress configuration, since uniform distribution of VSMC
lengths is expected under physiologic loading [55]. Thus, strains at the tissue level may not
be the strain sensed by VSMCs. Assuming that the cells are uniformly coupled to substrates
in cell culture experiments, it is reasonable to expect that mechanical stress as well as

strain positively correlates to the production of MMP-2 and -9 by VSMCs. Therefore, the
association and correlation of circumferential stress in the heterogeneous model with the
expression and activation of MMP-2 and -9 is in agreement with results from cell culture
studies. We interpret this agreement as support for the validity of the heterogeneous model
and the likely importance of mechanical stress in arterial modeling.

The remodeling activities of VSMCs may correlate better with stresses rather than strains.

It is well accepted that the arterial wall remodels by thickening in response to increased

wall stress in order to decrease it back to normal levels [63, 64]. This implies that areas

of high stress may be sites of localized remodeling. Fridez et al. [65] observed that, in
response to induced hypertension, the outermost layers of rat carotid arteries thicken more as
compared to the inner layers. This suggests that stress in the outermost layer may be higher
than that in the inner layer, which is consistent with the stress distribution computed using
the heterogeneous model. Xu et al. [66] showed that induced hypertension also initiates
rapid gene expression for collagen type | predominantly in the outer media and adventitia of
rabbit aortas. Increased collagen support, as the authors note, suggests that these zones of the
aortic wall may provide an increase in tensile support. The heterogeneous model shows the
importance of mechanical stress in understanding these results. In contrast to these results,
Matsumoto and Hayashi [64] observed a higher thickening of the innermost layer in the
adaptation of rat aortas to Goldblatt hypertension at 8 weeks. The difference between results
may due to experimental methods, the type of arteries, and/or the host animal of arteries.

We conclude that the type of tissue and the heterogeneity of the tissue microstructure,
whether in the arterial wall or tissue engineered construct, should be considered explicitly
when using mechanical models to better understand, predict and potentially control cellular
functions /n situ.
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Figurel.
(a) The configuration of an artery at the zero stress state and (b) the loaded state. An

arbitrary point (R, ©, 2) in the zero stress configuration is mapped to a point (7, 6, 2) in the
loaded configuration.
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Figure2.
(a) Schematic of collagen fiber arrangements in the model. Collagen fibers were modeled

as helices at an angle of +8,. (b) The configurations of a collagen fiber at the zero stress
state, recruiting point, and loaded state, where A is the stretch ratio of arterial tissue in the
direction of fibers and Apis the stretch ratio along the helix at a recruiting point.
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(@) A representative image of elastin structure taken from arteries fixed at 100 mmHg and

in vivostretch (A = 1.5). An arrow indicates one normalized thickness. Bar = 50 um. (b)
The average area intensity of pixels due to elastin autofluorescence in each layer was plotted
against the normalized thickness as mean (¢) £ S.D. (+) (n = 5).

J Biomech Eng. Author manuscript; available in PMC 2021 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 23

160
> 140 4 "
a .
5 E 120 - =R
- g Lo
E 3 100 A S
U > X _‘.'.
X & B0 pattt ey
oo e ...t‘.
£ = " R T . .
gl'§ GO"..“‘ * paat et ; ll‘.-.'.-'
@ © ! . PSR TT I L
= - 40 --.....l..o.tonolu' patt
Q - RS S SR SN
ST
0 T T T T 1
0 0.2 04 0.6 0.8 1
Normalized thickness
(b)

Figure 4.
(a) A representative image of collagen structure taken from arteries fixed at 100 mmHg and

in vivo stretch (A = 1.5). An arrow indicates one normalized thickness. Bar = 50 pm. (b)
The average area intensity of pixels due to collagen birefringence in each layer was plotted
against the normalized thickness as mean (¢) + S.D. (+) (n =5).
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Figure5.
(a) The distribution of circumferential stress computed using the heterogeneous model. The

circumferential stress in each layer computed using the heterogeneous model was plotted
against the normalized thickness as mean (¢) = S.D. (+) (n = 5). (b) The distribution of
circumferential stress computed using the homogeneous model (solid line). It is plotted with
the circumferential stress distribution in the heterogeneous model.
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Figure6.

(a) A representative image of the immunostaining for MMP-2. Areas positively stained for
MMP-2 appear to be dark gray-black. Negative control is shown together in a small window.

An arrow indicates one normalized thickness. Bar = 100 um. (

b) The average area fraction

of pixels positively stained for MMP-2 in each layer was plotted against the normalized

thickness as mean (¢) + S.D. (+) (n =5).
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Figure7.

(a) A representative image of the immunostaining for MMP-9. Areas positively stained for
MMP-9 appear to be dark gray-black. Negative control is shown together in a small window.
An arrow indicates one normalized thickness. Bar = 100 um. (b) The average area fraction
of pixels positively stained for MMP-9 in each layer was plotted against the normalized

thickness as mean (¢) + S.D. (+) (n =5).
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Figure8.
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(a) A representative image of /n situ zymography. Dark regions indicate localized
gelatinolytic activities. An arrow indicates one normalized thickness. Bar = 100 pym. (b)
The average area fraction of gelatinolytic activities in each layer was plotted against the
normalized thickness as mean (¢) + S.D. (+) (n =5).
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Spearman rank correlation coefficients (rg) between the circumferential stress (o) and the expression and
activation of MMP-2 and -9.

ggVs. MM P-2 expression

ogVS. MMP-9 expression

gy Vs. gelatinolytic activity

heterogeneous homogeneous heterogeneous homogeneous heterogeneous homogeneous
#1 0.7054 -0.8586 0.8613 -0.4767 0.6709 -0.9001
#2 0.9233 -0.8757 0.8172 -0.6173 0.9360 -0.8828
#3 0.4017 -0.6219 0.7442 -0.8170 0.7788 -0.8734
#4 0.9383 -0.8907 03231% —0.2179" 0.9543 -0.9119
#5 0.6506 -0.7079 0.7300 -0.6545 0.6434 -0.7070

All correlations were statistically significant (o< 0.01

*
p < 0.05) except one case (

Tp=0.06).
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